Learning to fear and avoid life-threatening stimuli are critical survival skills but are maladaptive when they persist in the absence of a direct threat. Thus, it is important to detect when a situation is safe and to increase behaviors leading to naturally rewarding actions, such as feeding and mating. It is unclear how the brain distinguishes between dangerous and safe situations. Here, we present a novel protocol designed to investigate the processing of cues that predict danger, safety, or reward (sucrose). In vivo single unit recordings were obtained in the basal amygdala of freely behaving rats undergoing simultaneous reward, fear, and safety conditioning. We observed a population of neurons that did not respond to a Fear Cue but did change their firing rate during the combined presentation of a fear cue simultaneous with a second, safety, cue; this combination of Fear ϩ Safety Cues signified "no shock." This neural population consisted of two subpopulations: neurons that responded to the Fear ϩ Safety Cue but not the Fear or Reward Cue ("safety" neurons), and neurons that responded to the Fear ϩ Safety and Reward Cue but not the Fear Cue ("safety ϩ reward" neurons). These data demonstrate the presence of neurons in the basal amygdala that are selectively responsive to Safety Cues. Furthermore, these data suggest that safety and reward learning use overlapping mechanisms in the basal amygdala.
Introduction
Post-traumatic stress disorder (PTSD) is associated with a loss of stimulus discrimination, resulting in generalized fear responses to nonthreatening stimuli (van der Kolk, 1997) . While generalized fear expedites an individual's ability to respond quickly to a stimulus, it also causes overreaction to nonthreatening stimuli. Therefore, accurately classifying stimuli as dangerous or safe is important in initiating the proper emotional response. The mechanisms of learning to distinguish between dangerous and safe stimuli and to flexibly switch behavior accordingly can be investigated through safety conditioning, a form of Pavlovian conditioned inhibition (for review, Christianson et al., 2012) . During safety conditioning, a cue signifying no aversive outcome becomes a learned safety signal, whereas a cue predicting something aversive becomes a learned danger signal. Impaired fear inhibition to safety cues, resulting in overgeneralized fear, is associated with PTSD (Jovanovic et al., 2010 .
The amygdala is important for mediating emotional responses and related memories (for review, Ledoux, 2000 , Baxter and Murray, 2002 , Pape and Paré, 2010 , Salzman and Fusi, 2010 . The human amygdala tracks the predictive aversive value of stimuli as they reverse from fear to safety (Schiller et al., 2008) . Interestingly, as animals learn that a shockpredictive cue no longer predicts shock during behavioral extinction, neural responses selective for the extinguished cue emerge in the basal amygdala (BA) (Herry et al., 2008) . This may reflect a type of safety encoding, as the fear cue comes to signal "no shock." Further, the BA contains neurons that respond differentially to fear and reward cues (Muramoto et al., 1993; Paton et al., 2006; Shabel and Janak, 2009; Shabel et al., 2011) . Collectively, this suggests that the BA may contain neurons that are responsive to safety cues, although it is not clear how the representation of safety cues might differ from fear or reward cues.
Evidence suggests safety learning mechanisms overlap with reward learning (Rescorla, 1969a; Walasek et al., 1995; Tanimoto et al., 2004; Rogan et al., 2005; Leknes et al., 2011) . For example, learned safety can act as a behavioral antidepressant in mice (Pollak et al. 2008) , and a safety signal can produce a conditioned place preference in mice (Rogan et al., 2005) . However, no studies have directly compared BA neural processing during safety and reward learning. To address this, we developed a protocol to investigate fear, reward, and safety learning in parallel, where we recorded activity of BA single units in rats as they switched their behavior in response to conditioned cues resulting in freezing, inhibition of freezing, or reward seeking. We found that rat BA neurons that respond to the Fear ϩ Safety Cue, but not the Fear Cue, providing evidence that single neurons can respond selectively to a cue signifying safety. Furthermore, a subset of these neurons showed cue-evoked changes in firing rate in the same direction to both the Fear ϩ Safety Cue and the Reward Cue. These data support our hypotheses that: (1) subpopulations of BA neurons are selective for safety cues; and (2) safety and reward cue processing involve overlapping circuitry.
Materials and Methods
Subjects. Long Evans male rats (Harlan) weighing 350 -400 g at the beginning of experiments were single housed under a 12 h light/dark cycle (lights on 07:00) and handled for 1 week before commencing experiments. All procedures were performed during the light cycle and approved by the Gallo Center Institutional Animal Care and Use Committee in accordance with the National Institute of Health guidelines. Rats had ad libitum access to food and water up until the third reward learning session, at which point they were restricted to 22 g of food per day for the remainder of the experiment.
Behavioral apparatus. The experimental chambers, used in all experiments and obtained from Med Associates, were Plexiglas boxes (32 cm length ϫ 31 cm width ϫ 35 cm height) encased in sound-attenuating shells. A recessed port 3 cm above the floor and located in the center of one wall was used to deliver sucrose. Entries and exits into and out of this port were monitored via an infrared beam. Two lights (28 V, 100 mA) located 12 cm from the floor on the wall opposite the port provided constant illumination. A light (28 V, 100 mA) located 33 cm above the floor on the wall opposite the port served as the 20 s continuous light cue. A high-frequency "tweeter" speaker (ENV-224BM) located 25cm from the floor on the wall opposite the port was used to deliver the auditory cues. Footshock was delivered through a grid floor via a constant current aversive stimulator (ENV-414S). A video camera located at the top of the sound-attenuating shell recorded the rat's behavior for offline video analysis.
Reward, fear, and safety training. The three cues signifying Reward, Fear or Safety were a 20 s continuous 3 kHz tone (70 dB), a 20 s pulsing 11 kHz tone (200 ms on, 200 ms off; 70 dB), or a 20 s continuous light (28 V, 100 mA) counterbalanced across subjects, with the caveat that the light cue was reserved for the Safety Cue in most subjects. The light served as the Fear Cue in 3 of the 8 rats represented in Figures 1B-D , 2 of the 8 rats represented in Figure 2 , and 2 of the 14 rats implanted with electrodes. Acquisition of fear did not differ between rats that received footshocks paired with the tone cue (n ϭ 23) versus the light cue (n ϭ 7) (two-way repeated-measures ANOVA, F (3, 75) ϭ 1.504, p Ͼ 0.05). In Phase 1 of training ( Fig. 1A ; six sessions), a 20 s Reward Cue was followed by 3 s delivery of a 10% sucrose solution (100 l) into a port accessible to the rat (3 s sucrose delivery commenced pseudorandomly between 10 and 20 s after Reward Cue onset for 25 trials; ITI, 90 -130 s, where ITI is intertrial interval). Phase 2 of training consisted of one session of habituation to the future Fear Cue and Safety Cue during a session in which Reward Cue training continued (25 reward trials; ITI, 90 -130 s). The future Fear Cue and Safety Cue were presented separately 5 times each for 20 s without reinforcement to allow subjects to habituate to their presentation, thereby reducing any baseline freezing to these novel cues. In Phase 3, safety learning commenced (four sessions), while Reward Cue training continued (3 s sucrose delivery commenced 18 s after Reward Cue onset; 15 trials), along with the additional presentation of the 20 s Fear Cue followed by a mild 0.5 s footshock at the offset of the Fear Cue (0.4 mA; 4 trials). In separate trials, this same 20 s Fear Cue was paired with a 20 s Safety Cue resulting in no footshock (15 trials). Trials in which the 20 s Safety Cue was presented alone without any footshock were also included (10 trials) to assess whether any freezing developed to the Safety Cue as a result of being paired with the Fear Cue as well as providing the animal with additional trials that contained a Safety Cue-no shock contingency. Trials were presented pseudorandomly (ITI, 100 -140 s).
Retardation of acquisition training. A separate group of rats was trained as in the previous paragraph with two modifications. First, after the habituation session and before the first safety session there was a separate fear conditioning session in which the 20 s Fear Cue was followed by a 0.5 s, 0.4 mA footshock (four trials; ITI, 3-5 min). The second modification was to reduce the number of Fear Cue-shock trials during each safety session from four trials to three. Both protocols still resulted in each rat receiving a total of 16 Fear Cue-shock trials by the end of the last safety session. After the last safety session a test for retardation of acquisition followed: 1 day after the last safety session, the Safety Cue was followed by a 0.5 s, 0.4 mA footshock (one session, four trials; ITI, 3-5 min). Freezing to the Safety Cue was measured 1 d later.
Behavioral analyses. Fear behavior was assessed offline from videos by measuring freezing, defined as complete immobility with the exception of respiratory movements, which is an innate defensive behavior (Blanchard and Blanchard, 1969; Fendt and Fanselow, 1999) . The total time spent freezing was quantified during the entire 20 s of each cue presentation. Reward behavior was assessed by calculating the percentage of trials in which the rat entered the port where sucrose was delivered during the presentation of the Reward Cue. Behavioral data were analyzed using one-way or two-way repeated-measures ANOVA, followed by Tukey's post hoc test when indicated by significant ( p Ͻ 0.05) main effects or interactions.
Surgery. Rats were anesthetized with isoflurane and stereotaxically implanted bilaterally with fixed 8-electrode arrays (NeuroBiological Laboratories) directed at the BA (relative to bregma: anteroposterior, Ϫ 2.04 to Ϫ2.92 mm posterior; mediolateral, 4.1 to 4.9 mm; dorsoventral, 6.6 to 7.5 mm ventral from brain surface (Paxinos and Watson, 2007; Fig. 3A) . Rats were allowed 7-10 d to recover in which they had ad libitum access to food and water.
In vivo single unit recordings. Neuronal activity was recorded with commercial hardware and software, including headstage amplifiers and programmable amplifiers, filters (0.4 and 5 kHz), and multichannel spike-sorting software (Plexon). Implanted rats were connected to the recording apparatus via a swivel commutator. Discrimination of individual units was performed offline by using principal component analysis of waveform shape. Single cells were identified by constancy of waveform shape, cross-correlograms, and interspike intervals (Janak, 2002) . In addition, quantitative J3 and Davies-Bouldin validity index (DB) statistics were calculated. High J3 values and low DB values are indicative of good single unit isolation (Davies and Bouldin, 1979; Nicolelis et al., 2003; Herry et al., 2008) . Stability of units across sessions was assessed by calculating principal component space cylinders using WaveTracker (Plexon). In addition, linear correlation values between time-shifted average waveforms were calculated (Jackson and Fetz, 2007; Herry et al., 2008) . As a control, the r values from average waveforms of randomly paired neurons and sessions were computed. Only units deemed stable across sessions using these procedures were included in the analysis. To increase statistical power, the data for the last two safety sessions were combined.
Classification of neurons. For each neuron, significance of cue-evoked firing rates was determined using a 10,000 round paired permutation test (Hesterberg et al., 2005) comparing the averaged 20 s precue baseline period to the first 200 ms after cue onset during the last two safety sessions. That is, the 20 s precue baseline firing rates and the 200 ms postcue firing rates for a given cue were shuffled and redistributed independently 10,000 times. The differences between the baseline and postcue firing for the single real case and the 10,000 reshuffled cases were used to create a distribution. In accordance with the permutation test, if the actual mean difference was in the Ͻ2.5% of either tail, it was considered significant. The p values were then adjusted for multiple corrections using the Benjamini-Hochberg correction with a corrected cutoff of 0.05 (Benjamini and Hochberg, 1995) . Neurons with a significant change in firing rate to both the Fear and Fear ϩ Safety Cues were classified as "SAME"; i.e., increase in firing rate to both cues or decrease in firing rate to both cues. Neurons with a significant change in firing rate to the Fear but not the Fear ϩ Safety Cues or vice versa were classified as "SELECTIVE." Neurons without a significant change in firing rate to either the Fear or Fear ϩ Safety cues were classified as "NO CHANGE." To avoid false positives, neurons that showed a significant cue-evoked inhibition using this permutation test were only included in the final analyses if the baseline firing frequency was Ͼ 0.05 Hz in at least six of the eight Fear trials.
To directly compare cue-evoked responding of a single unit to two different cues, a similar analysis using a 10,000 round, two-sample permutation test was conducted independently comparing the firing rate activity within each of four 50 ms bins after the onset of each cue. If the actual mean difference in responding between two cues was in the Ͻ2.5% of either tail of the distribution created by 10,000 rounds of reshuffling, it was considered significant. The p values were then adjusted for multiple corrections using the Benjamini-Hochberg correction with a corrected cutoff of 0.05 (Benjamini and Hochberg, 1995).
Histology. Rats were deeply anesthetized with sodium pentobarbital. A 10 s, 19 A direct current was passed through each wire to mark each electrode tip. Rats were then perfused with formalin containing 3% potassium ferrocyanide. Sections (50 M) were stained against acetylcholinesterase, and only units recorded from electrode wires verified to be in the BA were included in the analyses (Fig. 3A) .
Results
Decreased freezing in the presence of the safety cue To determine whether presentation of a Safety Cue significantly suppressed fear behavior within a behavioral session also containing Fear and Reward Cue presentations, we examined the behavior of rats (n ϭ 8) within behavioral sessions that contained presentations of all three cue types ( Fig. 1A ; see Materials and Methods). A one-way repeated-measures ANOVA was used to test for freezing differences across the 44 trials of the first of four safety sessions (Fig. 1B) . Freezing differed significantly across the 44 trials (F (7, 301) ϭ 3.615, p Ͻ 0.001). Most notably, Tukey post hoc comparisons of the last Fear trial to each subsequent trial indicated that freezing was significantly higher (p Ͻ 0.05) during the last Fear trial than any of the subsequent Reward, Fear ϩ Safety, and Safety alone trials of the first safety session. Thus, subjects began to distinguish between Fear and Safety cues by the end of the first of four safety sessions.
Differential behavioral responding to the Fear Cue continued to increase over subsequent safety conditioning sessions, as depicted in Figure 1C . A two-way repeatedmeasures ANOVA revealed a significant interaction between safety session and cue type (F (9,45) ϭ 5.877, p Ͻ 0.001) and a main effect of cue type (F (3,15) ϭ 37.899, p Ͻ 0.001). The percent time spent freezing was significantly greater during the Fear Cue than during the Fear ϩ Safety Cues, Safety Cue alone, or Reward Cue for safety sessions 2, 3 and 4 (post hoc Tukey's, p Ͻ 0.001). Thus, freezing was significantly reduced in the presence of the Safety Cue. Also, importantly, very little freezing was observed when the Safety Cue was presented alone, showing the Safety Cue Figure 1 . Decreased freezing in the presence of the safety cue. A, Protocol for reward, fear, and safety training. During reward learning, a Reward Cue was followed by delivery of sucrose solution into a port accessible to the rat (six sessions). In habituation (one session), Reward Cue training continued. In addition, the future Fear Cue and Safety Cue were presented without reinforcement. During safety learning (four sessions), Reward Cue training continued and the Fear Cue was followed by a footshock. On separate trials this same Fear Cue was paired with a Safety Cue, resulting in no footshock. Trials in which the Safety Cue was presented alone without any footshock were also included. Trials were presented pseudorandomly. B, Mean (ϮSEM) freezing response during each trial in the first safety session, indicated by percentage of time spent freezing during each cue type. By the end of the first safety session, animals (n ϭ 8) distinguished between Fear and combined Fear ϩ Safety Cues. C, Greater freezing 4 during the Fear Cue. Mean (ϮSEM) freezing response during each safety session for each cue type; *p Ͻ 0.05 as compared to mean freezing response to Reward, Safety, and Fear ϩ Safety Cues within each session. D, Reward seeking is specific to the Reward Cue. Mean (ϮSEM) reward-seeking (port entry) behavior during each safety session for each cue type; *p Ͻ 0.05 as compared to mean reward-seeking behavior to Fear, Safety, and Fear ϩ Safety Cues within each session.
did not acquire any fear-inducing qualities by being paired with the Fear Cue.
Differential responding to the Reward Cue was also observed. Figure 1D shows the averaged reward-seeking behavior as measured by the percentage of trials in which the animal entered the port where sucrose was delivered during cue presentations, and during each safety session for each cue type. A two-way repeatedmeasures ANOVA revealed a significant main effect of cue type (F (3,15) ϭ 19.318, p Ͻ 0.001). The percentage of trials in which the rats entered the port was significantly greater during the Reward Cue than during any other cue type across all sessions ( post hoc Tukey's, p Ͻ 0.001).
These findings indicate that this behavioral protocol successfully produces conditional reward seeking in response to a Reward Cue, high freezing to a Fear Cue, and decreased freezing to the Fear Cue in the presence of a Safety Cue. Since the Safety Cue reduces the freezing response normally elicited by the Fear Cue, the Safety Cue can be considered a conditioned inhibitor (Rescorla, 1969b) .
Retardation of acquisition to the safety cue
To further test whether the Safety Cue can be considered a conditioned inhibitor, we conducted an additional test. If the Safety Cue has taken on inhibitory properties through conditioned inhibition, then pairing the learned Safety Cue with footshock should result in slower fear learning to the Safety Cue (Rescorla, 1969b) . A separate group of rats (n ϭ 8) underwent reward, fear, and safety training (see Materials and Methods). A session of fear conditioning only was conducted after the reward training and the habituation session. During this session, conditioned freezing to the Fear Cue developed (one-way repeated-measures ANOVA; main effect of trial, F (3,21) ϭ 7.111; p Ͻ 0.01; Fig. 2, left panel) , and cue-evoked freezing during the test trial one day after Fear Cue training was greater than that observed during the first acquisition trial (planned comparison, paired t test, t ϭ Ϫ7.05, p Ͻ 0.001), but not the last acquisition trial (planned comparison, paired t test, t ϭ Ϫ0.92, p Ͼ 0.05). Safety conditioning followed for four sessions. One day after the last safety session, the Safety Cue was paired with a footshock four times (Fig. 2, right panel) .
Conditioned freezing did not develop over these four trials (oneway repeated-measures ANOVA; F trial(3,21) ϭ 1.531; p Ͼ 0.05). Freezing to the Safety Cue was reassessed 1 d later, and cueevoked freezing still did not significantly differ from the first acquisition trial (planned comparison, paired t test, t ϭ Ϫ1.66, p Ͼ 0.05), meaning that conditioned freezing to the Safety Cue did not develop after pairing the Safety Cue with footshock. This indicates that the Safety Cue is a conditioned inhibitor; i.e., the Safety Cue is associated with the absence of footshock.
Distinct BA neuronal populations change their firing rate during presentation of either the Fear or Fear ؉ Safety Cues A total of 112 single neurons located in the BA (Fig. 3A ) from 14 rats were isolated from recordings made during both early (first safety session) and late (final two safety sessions) safety training (Fig. 3B) . Most neurons had low mean firing rates (median ϭ 0.83 Hz; maximum ϭ 20.35 Hz; minimum ϭ 0.06Hz), suggesting that we sampled from predominantly putative projection neurons (Likhtik et al., 2006) . Each BA neuron was classified based upon its change in firing rate (permutation test, p Ͻ 0.05) during the first 200 ms of each cue type as compared to the 20 s before cue presentation during late safety training, when the rats showed significant discrimination between the Fear Cue and Fear ϩ Safety Cues (Fig. 3B) . A two-way repeated-measures ANOVA on percent time spent freezing revealed a significant interaction between phase of training and cue type (F (3,39) ϭ 8.575, p Ͻ 0.001) and a main effect of phase of training (F (1,13) ϭ 5.118, p Ͻ 0.05) and cue type (F (3,39) ϭ 29.331, p Ͻ 0.001). Freezing to the Fear Cue was significantly greater than the Fear ϩ Safety Cues, Safety Cue, and Reward Cue during late safety training ( post hoc Tukey's, p Ͻ 0.001 each comparison). During late safety training, significant inhibition of firing to at least one cue within the first 200 ms after cue onset compared to the 20 s before cue presentation was observed in 49 of 112 recorded neurons, whereas a significant excitation of firing to at least one cue was seen in 29 of 112 neurons. Neurons were initially segregated into three classes (Fig. 3C) . During late safety training, we found that 17.9% (20 of 112) of recorded BA neurons changed their firing rates compared to baseline in the SAME direction, i.e., both increases in firing rate (n ϭ 7), or both decreases in firing rate (n ϭ 13) to both the Fear and the Fear ϩ Safety Cues. When directly comparing the response to these cues within each neuron, the magnitude of these increases and decreases did not differ between the Fear Cue and Fear ϩ Safety Cues within the first 200 ms of cue onset (permutation tests, p Ͼ 0.05). Of these 20 neurons, 15 neurons also showed a significant change in firing rate to the Reward Cue in the same direction as the Fear and Fear ϩ Safety Cues. Hence, this population may represent previously described populations that encode stimulus salience rather than valence (Shabel and Janak, 2009). When we compared the responses during late safety training to early safety training, we observed that two of the 20 SAME neurons showed a significant change in firing rate to the Reward Cue, Fear Cue and Fear ϩ Safety Cues during both early and late safety training.
Neurons without a significant change in firing rate during late safety training to either the Fear or Fear ϩ Safety Cues were classified as NO CHANGE (49 of 112 recorded neurons; note that 12 of these 49 neurons did show a significant change in firing rate to the Reward Cue). Even though they did not show a significant difference compared to baseline during late safety training, 3 of these 49 NO CHANGE neurons did show a significant difference in firing rate activity when responding during the Fear Cue and the Fear ϩ Safety Cues was directly compared (permutation tests, Single BA neurons respond differentially to safety, fear, and reward cues Neurons classified as SELECTIVE (n ϭ 43) were further segregated into more specific subpopulations (Fig. 3D) . Of the 43 neurons that showed a significant change in firing to either the Fear or Fear ϩ Safety Cues during late safety training, 23.3% (n ϭ 10) showed a significant change in firing rate only to the Fear ϩ Safety Cues and Safety Cue (permutation test, p Ͻ 0.05) compared to the precue 20 s baseline. These neurons also showed differential responding, as shown by a significant difference in firing rate within the first 200 ms of cue presentation to the Fear ϩ Safety Cues and Safety Cue as compared to the Fear Cue (permutation tests, p Ͻ 0.05). These units were termed "safety" selective. Both increases (n ϭ 3; Fig. 4A2 ,C) and decreases (n ϭ 7; Fig.  4B2 ) in firing rate were seen in response to the Fear ϩ Safety Cues and Safety Cue. Interestingly, these safety-selective neural responses were generally specific to late safety training sessions only (i.e., final two safety sessions). During early safety training (i.e., the first safety session), these changes in firing rate to the Fear ϩ Safety Cues and Safety Cue were not yet evident (Fig. 4A1,B1 ). One neuron that showed a significant increase in firing rate to the Fear ϩ Safety Cues and Safety Cue during late safety training also showed a significant increase in firing rate to the Safety Cue during early safety training but the magnitude of the response was significantly greater during late safety training than early safety training (permutation test, p Ͻ 0.05). All other safety neurons showed no significant changes in firing rate to any cue during early safety training (permutation test, p Ͼ 0.05). Thus, the increases and decreases in firing rate seen in response to the Fear ϩ Safety Cues and Safety Cue developed over the course of learning in parallel with the rats' discrimination between the Fear and Fear ϩ Safety Cues in late safety training (Fig. 3B) .
Similar change in firing to cues signifying safety and reward
In addition to safety-selective neurons, other specific subpopulations were isolated from the group of neurons classified as SE-LECTIVE (Fig. 3D ). Of these 43 SELECTIVE neurons, 37.2% (n ϭ 16) displayed a significant change in firing rate in the same direction to the Fear ϩ Safety Cues, Safety Cue, and Reward Cue during late safety training (permutation test, p Ͻ 0.05), but not the Fear Cue, lending support to our hypothesis that safety and reward learning may involve overlapping mechanisms. Furthermore, these neurons each showed a significant difference in firing rate within the first 200 ms to the Fear ϩ Safety Cues, Safety Cue, and Reward Cue as compared to the Fear Cue, respectively (permutation tests, p Ͻ 0.05). Both increases (n ϭ 11; Fig. 4D2 ) and decreases (n ϭ 5; Fig. 4E2 ,F ) in firing rate were seen in response to the Fear ϩ Safety Cues, Safety Cue, and Reward Cue, and these phasic responses developed over training. Specifically, these neurons did not show a significant change in firing rate to the Fear ϩ Safety Cues or Safety Cue during early safety training (permutation test, p Ͼ 0.05; Fig. 4D1,E1) . In response to the Reward Cue, Figure 3 . A, Locations of each electrode tip from 14 rats. All 112 recorded neurons were in the BA. B, Mean (ϮSEM) percentage of time spent freezing during each cue during early and late safety training for the 14 rats implanted with electrode arrays. Freezing to the Fear Cue was significantly higher than to any other cue during late safety training; *p Ͻ 0.001 as compared to mean freezing response to Reward Cue, Fear ϩ Safety Cue, and Safety Cue during late safety training. C, Neurons were initially segregated into 3 classes. SAME denoted significant change in firing in the same direction to the Fear and Fear ϩ Safety Cues (17.9% of recorded neurons). SELECTIVE denoted significant change in firing to the Fear or Fear ϩ Safety Cues (38.4% of recorded neurons). NO CHANGE denoted no significant change in firing to the Fear or Fear ϩ Safety Cues (43.7% of recorded neurons). Areas shaded in blue indicate the number of neurons showing a significant change in firing rate to the Reward Cue: 15 of 20 SAME neurons showed a significant change in firing in the same direction to the Reward Cue, Fear Cue, and Fear ϩ Safety Cues; 22 of 43 SELECTIVE neurons and 12 of 49 NO CHANGE neurons were responsive to the Reward Cue. D, Neurons classified as SELECTIVE (n ϭ 43) were further segregated. Safety denoted significant change in firing to only the Fear ϩ Safety Cues and Safety Cue (23.3% of SELECTIVE neurons; n ϭ 10). Safety and Reward denoted significant change in firing to the Fear ϩ Safety and Safety and Reward Cues in the same direction (37.2% of SELECTIVE neurons; n ϭ 16). Fear and Reward denoted significant change in firing to the Fear and Reward Cues in the same direction (13.9% of SELECTIVE neurons; n ϭ 6). Fear denoted significant change to only the Fear Cue (25.6% of SELECTIVE neurons; n ϭ 11).
however, two neurons did show a significant increase in firing rate during early safety training (permutation test, p Ͻ 0.05; Fig.  4D1 ). Since rats were pretrained on the Reward Cue-sucrose pairing for seven sessions, this increase may be a reflection of that prior learning. All other safety ϩ reward neurons showed no significant changes in firing rate to the Reward Cue during early safety training (permutation test, p Ͼ 0.05). Overall, the increases and decreases in firing rate seen in response to the Fear ϩ Safety Cues, Safety Cue, and Reward Cue developed over the course of learning.
Additionally, as expected, a subset of neurons showed a significant change in firing to the Fear Cue (n ϭ 11, 25.6%) alone. A small number of neurons showing a significant change in firing in the same direction to both the Fear and Reward Cues (n ϭ 6, 13.9%) were also observed.
Discussion
Here we have shown that BA neurons respond to sensory cues signifying safety. Specifically, we found that the neural response to the combined Fear ϩ Safety Cue was different from the neural response to the presentation of the Fear Cue alone. Thus, the suppression of behavioral responding to the Fear Cue by the simultaneous presentation of the Safety Cue may depend upon differential encoding of the Fear Cue and the combined Fear ϩ Safety Cue in the BA. These findings support a role for the BA in Figure 4 . BA neurons respond differentially to Safety, Fear, and Reward Cues. Peristimulus histograms (PSTHs) of firing rate activity were normalized to the 20 s before cue onset and smoothed with a Gaussian filter width of 3. Vertical dashed lines indicate time window of analysis; cue onset at 0 s. Green line, activity in response to the Safety Cue alone; orange line, activity in response to the Fear ϩ Safety Cues; blue line, activity in response to the Reward Cue; red line, activity in response to the Fear Cue. Shading indicates standard error. A, Population histograms of neurons (n ϭ 3) demonstrating a significant increase in firing rate to the Fear ϩ Safety Cues and Safety Cue alone during late safety training (A2). The magnitude of this increase in firing rate increased from early safety training (A1) to late safety training (A2). PSTH bin size, 10 ms. B, Population histograms of neurons (n ϭ 7) demonstrating a significant decrease in firing rate to the Fear ϩ Safety Cues and Safety Cue alone during late safety training (B2) that was not evident during early safety training (B1). PSTH bin size of 200 ms. C, Example of a single BA neuron with an increase in firing activity in response to the Fear ϩ Safety Cues and Safety Cue alone during late safety training. PSTH bin size, 10 ms. Insets, Raster plots of same neuron with 0 s as cue onset. Each row of dots depicts action potentials on one trial. D, Population histograms of neurons (n ϭ 11) demonstrating a significant increase in firing rate to the Fear ϩ Safety Cues, Safety Cue alone, and Reward Cue during late safety training (D2). This increase was not evident in response to the Fear ϩ Safety Cues or Safety Cue alone during early safety training (D1). An increase in firing rate in response to the Reward Cue was apparent during early safety training (D1) in two neurons. PSTH bin size, 10 ms. E, Population histograms of neurons (n ϭ 5) demonstrating a significant decrease in firing rate to the Fear ϩ Safety Cues, Safety Cue alone, and Reward Cue during late safety training (E2). This decrease was not evident during early safety training (E1). PSTH bin size, 200 ms. F, Example of a single BA neuron with a decrease in firing activity in response to the Reward Cue, Fear ϩ Safety Cues, and Safety Cue alone during late safety training. PSTH bin size, 200 ms. Insets, Raster plots of same neuron with 0 s as cue onset. Each row of dots depicts action potentials on one trial. the acquisition and/or expression of behavioral responding to Safety Cues.
To determine the role of the BA in signaling safety, we developed a novel protocol to investigate the behavioral expression of fear, safety from fear, and reward seeking in parallel, permitting us to follow a single neuron's firing activity in response to cues that differentially guide the animal's behavior. We showed that rats learn to use a cue to significantly reduce its fear behavior, indicating that they learned the situation was "safe" in the presence of this Safety Cue. In addition, when this learned Safety Cue was later paired with a footshock, rats showed a dramatic reduction in the acquisition of freezing to the Safety Cue. Together, this indicates that the Safety Cue acted as a conditioned inhibitor, i.e., the Safety Cue came to predict the absence of footshock, thereby resulting in an attenuation of conditioned freezing.
Using this protocol, we recorded electrophysiological activity from single BA neurons in freely behaving rats and analyzed changes in firing rate in response to Fear, Fear ϩ Safety, Safety, and Reward Cues over the course of safety learning. We identified a population of BA neurons that significantly changed their firing rate to combined Fear ϩ Safety Cues, but not the Fear Cue alone, and other neurons that responded to the Fear Cue alone, but not to the Fear ϩ Safety Cue. This finding suggests that the presentation of a Safety signal at the same time as the Fear Cue altered the neural processing of the Fear Cue in the BA. These findings suggest that neural processing of the Fear ϩ Safety Cues contributed to the reduction in freezing in response to these cues, although a causal relationship remains to be determined.
Our findings extend prior work investigating the neuronal responses to safety cues (for review, Christianson et al., 2012) . Notably, primates with extensive amygdala damage cannot discriminate a fear signal from a safety signal , and the human amygdala can track the predictive aversive value of a stimulus as it reverses from fear to safety (Schiller et al., 2008) . Rogan et al. (2005) reported that safety cues that predict the absence of footshock evoke a smaller cue-evoked field potential in the lateral nucleus of the amygdala (LA), a region that projects to the BA, after learning relative to before learning. Additionally, synapse size in the LA changes bidirectionally with fear and safety learning, with fear conditioning associated with larger synapses and safety conditioning associated with smaller synapses (Ostroff et al., 2010) . Reduced ability of safety cues to drive LA neuronal activity could lead to reduced excitation of neurons efferent to the LA in structures such as the BA. There is also evidence to suggest that safety conditioning recruits projections from the insula to the BA. Insula lesions before safety conditioning attenuate the fear-reducing effects of safety signals, and safety signals themselves attenuate stress-induced c-fos activation in BA neurons (Christianson et al., 2008 , Christianson et al., 2011 . A potential role for areas downstream from the BA is also indicated by prior findings; in rats that underwent conditioned inhibition training, stimulation of the BA, in slice, elicits strong excitatory responses in lateral central nucleus neurons that then lead to increased inhibition of medial central nucleus neurons (Amano et al., 2010) . How these reported changes relate to the unit responses we observed in the BA during within-session presentation of both Fear and Fear ϩ Safety cues that were encoded with both excitations and inhibitions is not clear. Notably, while the presence of inhibitions in the BA has been reported in response to fear and reward cues (Muramoto et al. 1993; Ambroggi et al., 2008; Shabel and Janak, 2009; Amano et al., 2011; Shabel et al., 2011) , the focus is usually upon phasic increases in spike activity. It is not clear what the source of cue-evoked inhibition, nor its downstream effects, might be. Together, the evidence suggests that safety conditioning recruits a circuit that includes the BA, but the mechanisms underlying the diversity of the neural responses we observed here requires further study.
We observed a population of BA neurons that showed a similar change (either a decrease or an increase) in firing rate in response to the Fear ϩ Safety Cues, Safety Cue, and Reward Cue, supporting the idea that safety and reward learning share underlying mechanisms (Rescorla, 1969a; Walasek et al., 1995; Tanimoto et al., 2004; Rogan et al., 2005; Leknes et al., 2011) . This is advantageous from an evolutionary perspective; when an animal perceives an environment as dangerous, reward seeking would be inhibited to focus on immediate survival. Conversely, correctly recognizing an environment devoid of immediate danger would suppress fear responses and increase appetitive behaviors, such as seeking food or a mate, thereby promoting survival. Our observed overlap in the encoding of safety and reward in the BA is consistent with a more general role for the BA in encoding stimulus valence (Paton et al., 2006; Belova et al., 2008; Shabel et al., 2011) .
Our data indicate that learned safety behavior is correlated with parallel changes in neuronal firing in the BA. Neurons that responded to the Fear ϩ Safety Cues and the Safety Cue, but not the Fear or Reward Cue (safety neurons), and neurons that responded to the Fear ϩ Safety Cues, Safety Cue, and Reward Cue, but not the Fear Cue (safety ϩ reward neurons), generally acquired these neural responses over the course of safety learning. Critically, during early safety training rats showed poor discrimination between the Fear Cue and Fear ϩ Safety Cues compared to late safety training, where rats displayed good discrimination between these cues. Thus, safety and safety ϩ reward neurons changed their rate of firing in response to Safety and Reward Cues in parallel to how well the rats discriminated among the cues.
Finally, as in our prior studies (Shabel and Janak, 2009; Shabel et al., 2011) , we found a population of BA neurons that responded similarly to cues in a valence-independent manner. Since these neurons responded in a similar fashion to cues representing Fear, Safety, and Reward, these neurons may be part of a neuronal circuit that contributes to emotional arousal and/or attention, preparing the animal to respond to behaviorally relevant stimuli, consistent with prior findings by us and others (Muramoto et al., 1993; Belova et al., 2008; Shabel and Janak, 2009; Shabel et al., 2011) . Overall, our findings are consistent with other studies identifying subpopulations of BA neurons showing a diversity of response profiles potentially reflective of both stimulus valence and stimulus salience. These data suggest the BA contains several neuronal subcircuits encoding a spectrum of emotional values. Presumably, these subcircuits have distinct patterns of neural inputs and outputs that allow given subcircuits to specify distinct behavioral outputs.
In summary, we show here that the rat BA contains neurons that change their firing rates differently in response to the Fear Cue versus Fear ϩ Safety Cue, providing new evidence that single neurons respond selectively to a cue signifying safety. Our results, in addition to the several studies discussed here, implicate the amygdala in mediating the discrimination among cues signifying danger, safety, and reward. Interestingly, the S1 mouse strain has increased BA dendritic arborization and also shows impaired fear inhibition to safety cues (Camp et al., 2012) , suggesting a link between amygdala dysmorphology and impaired fear inhibition. Impaired fear inhibition to safety cues, resulting in overgeneralized fear, is associated with PTSD (Jovanovic et al., 2010; Jovanic et al., 2012) . Further exploration of the neural circuits that regu-late fear inhibition, including those that underlie safety learning, may lead to greater understanding of the processes that go awry in PTSD and similar disorders.
